Abstract The presence of heavy metals in food is a threat to human health. Exposure to heavy metals as a result of consumption of contaminated vegetables, as well as their toxicity, is a serious problem.
Introduction
The problem of heavy metal contamination in the environment is widespread. Taken up by plants, heavy metals may enter the food chain, and therefore, humans can also be exposed to them (Intawongse and Dean 2006) . A recently published WHO/FAO report recommends consumption of minimum of 400 g of fruit and vegetables per day (excluding potatoes and other starchy tubers) for prevention of chronic diseases such as heart diseases, cancer, diabetes, and obesity, as well as for prevention and alleviation of several micronutrient deficiencies, especially in less developed countries (WHO 2004) .
Heavy metals are widely distributed in the environment and are considered significant chemical food contaminants. The group of heavy metals includes both elements essential for normal metabolic processes, called micronutrients (Fe, Mn, Cu, Zn, Mo) , which in excessive quantities are more harmful to plants than to animal bodies, as well as elements such as As, Hg, Pb, or Cd, which already at low concentrations are very harmful to humans and animals, while affecting plant growth and development to a lesser extent.
According to their toxicity to living organisms, the heavy metals can be arranged in the following order: Hg > Cu > Zn > Ni > Pb > Cd > Cr > Sn > Fe > Mn > Al (Wang et al. 2003; Pueyo et al. 2004; Filipiak-Szok et al. 2015) .
Heavy metals present in food, even in trace amounts, pose a threat to human health. In different parts of the world, different acceptable levels for heavy metal content in foodstuffs were adopted: However, the Agency has provided guidance on some heavy metal levels in certain foods (such as candy and juice). For juice, FDA states in its "Guidance for Industry: Juice HACCP Hazards and Controls" that lead levels in juice above 50 ppb may constitute a health hazard. With respect to candy, FDA recommends a maximum lead level of 100 ppb in candy likely to be consumed by small children; & China National Standards (GB 2762 (GB -2012 .
Due to differences in national legislations and the related risk of distortion of competition, it is necessary to introduce measures in respect of certain pollutants, heavy metals in particular, to ensure homogeneity of the market, with a due regard for the principle of proportionality.
The maximum levels of heavy metals in foodstuffs of plant origin should be set at the strictest possible level that is reasonably achievable by good practices of agricultural industry, and taking into account the risks associated with food consumption. For contaminants that are considered genotoxic carcinogens, or in cases where the current exposure of the population or the most vulnerable population groups is close to or exceeds the tolerated uptake, the highest permitted levels should be set at the lowest reasonably achievable level.
The exposure to cadmium, lead, and methylmercury compounds is especially dangerous during prenatal development and infancy, as it causes irreversible changes in the central nervous system. Lead also causes cardiovascular diseases, disrupts heme biosynthesis and vitamin D metabolism, causes kidney and liver dysfunctions and disorders of the immune and the reproductive systems, and disrupts iron, zinc, and copper metabolism. Cadmium is carcinogenic, neurotoxic, and nefrotoxic, and causes skeletal disorders, liver damage, cardiovascular diseases, dysfunctions of the sexual glands, and disrupts a mineral balance in the body. Mercury, and especially the methylmercury compounds, accumulates mainly in the brain tissue, causing damage to the central nervous system, especially the developing fetal brain. In adults, it causes hearing, speech, and visual disorders, cardiovascular diseases, and limb muscle paralysis. Arsenic has carcinogenic, neurotoxic (hearing disorders), and genotoxic effects, and causes cardiovascular diseases, peripheral vascular disorders, anemia, and dysfunctions of the reproductive system (WojciechowskaMazurek et al. 2008; Shaheen et al. 2016 ).
Due to their properties such as toxicity, persistence, and non-biodegradation, contamination with metals has become a serious and widespread environmental threat, particularly in urban areas (Yang-Guang et al. 2016) .
The problem of heavy metals stems out not only from their toxic properties but also from their ability to accumulate in the body, as it is a case with all elements listed above. At low levels of exposure to these elements, clinical signs do not manifest immediately and their effects can be observed only at the physiological or biochemical level (Wojciechowska-Mazurek et al. 2008 ).
Sources of Contaminations with Heavy Metals
The rapid global industrial development has resulted in a significantly increased risk of environmental contamination with heavy metals. Fast industrialization and disorganized urbanization, together with long-term use of large amounts of fertilizers and pesticides, result in accumulation of toxic substances in soil, water, and air (Kishan et al. 2014; Kumar et al. 2015; Rodriguesa et al. 2017) .
The main sources of emissions caused by human activities include: Exposure to heavy metals resulting from consumption of contaminated vegetables and their toxicity is a serious problem. An increased content of certain elements is found particularly in vegetables grown in the vicinity of industrial plants and busy roads, as well as in crops exposed to municipal and agricultural wastewater. This may lead to a disrupted balance of these elements, and, in turn, significantly affect their bioavailability and interaction with other food ingredients, as well as other metals (Wong et al. 2006; Śmiechowska and Florek 2011) .
Different branches of industry, as well as road traffic, have a significant impact on environmental pollution with heavy metals, such as the following: chrome from metallurgical, paint, and tanning industries; nickel mainly from the steel industry, and burning of coal and liquid fuel; cadmium from metal (mostly zinc) smelters, while along roads another source of contamination with this element may be grease used in motor vehicles; and lead from paint, metallurgical, and glass industries. The main sources of lead contamination in soils, plants, and air are the exhaust gases of motor vehicles. For many years, lead had been added to petrol as lead tetraethyl, which was released during mechanical engine operation (Lityński and Jurkiewicz 1982; Nieć et al. 2013; Zhou et al. 2016) . In Poland, universal petrol (containing lead tetraethyl) was withdrawn from the market in January 2005 and was replaced with unleaded petrol.
Numerous studies conducted in recent years found a large share of street dust in contaminants of urban soils near traffic routes (Czarnowska and Bednarz 2000; Sternbeck et al. 2002; Zereini et al. 2007 Zereini et al. , 2012 Wiseman et al. 2013 Wiseman et al. , 2015 . Heavy metals come from motor vehicle exhaust emissions; their release is also associated with vehicle wear parts, such as tires, brakes, and catalysts. The re-suspension of metal-enriched road dust caused by vehicle traffic may also be the main source of road pollution, especially along roads with more intense traffic and higher proportion of heavy vehicles (Czarnowska and Bednarz 2000; Sternbeck et al. 2002; Lough et al. 2005; Wiseman et al. 2013 Wiseman et al. , 2015 .
A risk of heavy metal presence in vegetables cultivated near old industrial areas is significant (Sun and Chen 2018; Murray et al. 2011; Sung and Park 2018) , and this kind of contamination is rather problematic.
Municipal and industrial sewage is also an important source of heavy metals. Wastewater irrigation is a common practice in the world, and in some metropolitan areas, wastewater is treated biologically and used for irrigation in agriculture. In recent years, many articles about soils irrigated with wastewater contaminated with heavy metals were published. On the basis of their studies, Mahmood and Malik (2014) showed that wastewater irrigation has changed physical and chemical properties of the soil and led to heavy metal uptake by plants, mostly vegetables. Earlier reports from Pakistan confirmed that vegetables grown in effluents accumulate higher concentrations of heavy metals than vegetables grown in groundwater (Akbar et al. 2009; Jan et al. 2010; Khan et al. 2013) . Similar conclusions were also reached by Khan et al. (2008) on the basis of their studies conducted in China.
Soil Factors Affecting Metal Accumulation
The mineral content of vegetables also depends on factors such as the natural content of trace elements in the environment, their level in mineral fertilizers, and fertilizer doses. In the soil, a natural source of these metals is bedrock. In soils used for agricultural purposes, some quantities of metals are introduced together with fertilizers, both organic and mineral (mainly calcium and phosphates). Additionally, another sources of metals are plant protection products (Kabata-Pendias and Pendias 1999; Antisari et al. 2015; Ye et al. 2015) .
Heavy metal dynamics in the soil and their uptake by plants depend on soil properties, which play a key role in the bioavailability of these metals. The level of these compounds' accumulation in plants depends on, amongst others, soil type, pH, humidity, and micronutrients content, as well as on the time of crop harvesting (Kabata-Pendias and Pendias 1999; Järup 2003; Leitzmann 2003; Właśniewski and Hajduk 2012; Yang-Guang et al. 2016; Hu et al. 2017) .
On the basis of their research, Właśniewski and Hajduk (2012) associated the high cadmium content mainly with the granulometric composition of the soils, and then with their location along busy traffic routes. Furthermore, they showed that the cadmium content in tested vegetables was, to a very small extent, associated with the properties of the soil top layer, including a soil content of total and soluble cadmium. Kabata-Pendias and Pendias (1999) claimed that acidic soil pH is considered to be the most important factor influencing the increased absorption of heavy metals by vegetables. This was confirmed by research conducted by Bielecka et al. (2009) , which showed that, in alkaline soils (pH within the range of 7.1-8.1), a risk of heavy metal leaching and their bioavailability to plants are lower, and the presence of organic matter can inhibit metals uptake from the soil solution. By changing these soil properties that determine metal solubility in the soil, heavy metals can be immobilized in its solid phase. Metal mobility and bioavailability may be influenced by addition of organic and inorganic matter. A basic treatment restricting metal mobility is soil de-acidification by liming. Application of phosphate also affects soil heavy metal mobility and assimilation by plants (Finžgar et al. 2006; Wuana and Okieimen 2011; Zhang et al. 2010; Paltseva et al. 2018) .
Studies have shown that the use of phosphates stabilizes Pb by reducing its availability in the soil. However, this effect depends on the soil type and is not sufficiently described, similarly as plants' ability to take up lead. The researchers speculate that phosphates can mobilize As. The addition of phosphate increases soil permeability, thus contributing to arsenic migration deeper into the soil profile and entering groundwaters. This involves increasing its availability and uptake by plants (Scheckel et al. 2013; McBride et al. 2014; McBride et al. 2015; Lim and McBride 2015) .
Adding materials rich in organic components, such as compost, sawdust, tree bark, or granulated or powdered lignite, is frequently recommended to reduce mobility and bioavailability of metals. Some researchers suggest that regular addition of organic matter in large quantities 1 --a The tolerance limit for contaminants specified in foodstuffs in the China National Standards (GB 2762 (GB -2012 may inhibit metal uptake from the soil solution, and thus would be advantageous (Brown et al. 2012; Attanayake et al. 2014 Attanayake et al. , 2015 . Defoe et al. (2014) and Karczewska et al. (2010) confirmed that organic matter stabilizes trace elements in the soil, while Murray et al. (2011) showed that the addition of compost may lead to increased accumulation of metals in cultivated plants. McBride et al. (2015) , on the other hand, found that Pb and As levels in vegetables were strongly correlated with a total content of these metals in the soil, and not with organic matter content in the soil or a level of compost addition. Bai et al. (2011) and Wiseman et al. (2015) provided evidence that the soil age also plays an important role in modulation of metal bioavailability in plants. A higher content of heavy metals was found in old flat wetlands due to long-term discharges of municipal and industrial wastewater. A multivariate analysis shows that bedrock is a source of Fe and Mn, while Cu, Zn, Cd, Cr, Ni, and Pb are of anthropogenic origin. When compared with wet ditches and reclaimed wetlands, levels of some heavy metals, such as Pb, Cd, and Zn, are much higher in wetlands in a young region because these wetlands are richer in mangrove soils. Higher toxic levels of heavy metals in flat wetlands and recovered wetlands in an old region are observed because of their long history of reclamation, when compared with lowland wetlands (Bai et al. 2011) .
Apart from being influenced by the soil-related factors, absorption of metals differs in different types of plants. A significant variation in metal concentrations was also found depending on their location in plant tissues, on plant species and even on varieties of the same species (Szatanik-Kloc 2004; Karami et al. 2011; Zhou et al. 2016) .
On a basis of her research, Szatanik-Kloc (2004) reported that she did not observe any relevant correlation between the concentration of Cr, Ni, and Cd in the soil and in the plant (only Pb content in leaves showed a large dependence on its contents in the topsoil). However, she found that, in the studied plants, concentrations of nickel, chromium, and cadmium were the highest in roots, while lead levels were the highest in leaves. Only in the case of cadmium acidic soil significantly contributed to an increase in its content in the studied plants. For the remaining studied metals, this effect was small. Zhou et al. (2016) reported that there are clear differences in heavy metal concentrations in edible parts of various vegetables. The ability to uptake and accumulate heavy metals was the highest in leafy vegetables and the lowest in melon vegetables (Table 1) . Alexander et al. (2006) reported that Cd, Cu, and Zn accumulated to the largest extent in lettuce and spinach, while the highest accumulation of Pb was noted in lettuce and onions. They also demonstrated that vegetables of the same species accumulated different amounts of heavy metals depending on a cultivar (Table 2) . Yang et al. (2009) found that cucumber, radish, and tomato had lower concentrations of Cd in their edible parts than pak choi, Chinese leek, and carrots. Accumulation of Cd by different plant species increases in the following order: legumes vegetables < melon vegetables < alliums vegetables < root vegetables < solanaceous vegetables < leafy vegetables. Säumel et al. (2012) reported that the concentration of heavy metals in leafy vegetables is higher than in potato, carrot, tomato, kohlrabi, and green bean seeds (Table 3) . Zhong et al. (2017) reached similar conclusions on the basis of tests conducted on three types of vegetables. They have found that the concentration of heavy metals in edible parts was the highest in leaf vegetables, lower in root vegetables, and the lowest in fruit vegetables.
Kabata-Pendias and Pendias (1999), Kabata-Pendias (2000) included root vegetables in plants particularly susceptible to cadmium accumulation. Furthermore, they reported that cadmium is uptaken extremely easily, both by the root system and leaves, generally in proportion to its concentration in the environment, regardless of the soil properties. However, acidic soil is considered to be the most important factor influencing its increased phyto-assimilation. Cadmium is characterized by a high (up to 10) bioaccumulation index, and its content in plants is frequently directly proportional to its content in the ground. 
